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(54) . Method of depositing nanometre scale particles 



(57) Nanometre scale parttoles (3) are deposited on 
a substrate (1 .2) that provides receptor sites of a first 
polarity on its surface. The particles are provided with a 
surface charge of a second opposite polarity such that 
they are attracted to the receptor sites on the substrate 



and adhere to it at locations that are spaced apart as a 
result of an electrostatic repulsion force between adja- 
cent particles. As a result, a monolayer of partides is 
formed with even spadng, for use in quantum electronic 
devices. 
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Description 

This invention relates to a method of depositing 
nanometre scale particles on a sut)strate and has par- 
ticular but not exclusive application to the fabrication of 
quantum electronic devices such as single electron 
transistors and memory devices. 

Quantum electronic devices which nnanipulate the 
flow of individual electrons, are known and reference is 
directed to W. Chen, H. Ahmed and K. Nakazato, Appl. 
Phys. Lett. vol. 66, 3383 (1995). These prior devices 
make use of so-called quantum dots which are conduc- 
tive islands, constructed on the nanometre scale which 
exhibit the Coulomb blockade effect By this effect, the 
charging energy of the island is greater than the sur- 
rounding thermal energy, so that once charged by the 
entry of a single electron, no further electrons can enter 
the dot until an electron leaves. Quantum electronics 
devices use this effect to manipulate single electrons 
entering and leaving a quantum dot, and typically con- 
sist of a metal or semiconductor quantum dot in which 
electrons are localised, dielectric tunneling barriers 
through which single electrons enter or leave, and elec- 
trodes which either electrostatically bias the dot or sup- 
ply electrons to the dot through the barriers. 

A general discussion of the Coulomb blockade 
effect for such a system is given in Hermann Grabert 
and Michel H. Devoret, "Single Charge Tunneling** (Ple- 
num Press, New York, 1992) pp. 1 - 3. From this^^ it will 
be understood that there are two basic requirements for 
realising the Coulomb blockade effect In a single elec- 
tron device, as follows: 

Ec=e^/2C»kT. (1) 

Rt » RK=h/e^ (2) 

where T is the device operation temperature, Rr is a 
tunneling resistance, Rj^sh/e^ is the resistance quan- 
tum, and E ^^e ^/2C is the energy required to place an 
electron at a localised electronic state in the dot. Here 
the capacitance C is defined as a constant that relates 
the energy of the localised state and its spatial event i.e. 
the geometrical shape of the charge distribution. The 
capacitance C is easily defined in the case of metal 
clusters, and is also definable in the case of semicon- 
ductor quantum dots. Reference is directed to M. 
Macucd, Karl Hess and G. J. laf rate, "Electronic Energy 
Spectrum and the Concept of Capacitance In Quantum 
Dots". Phys.. Rev. B. vol. 48. p. 17354 (1993). 

tt is desirat>le that a practical single electron device 
be operable at room temperature i.e. with T = 300°K. 
This implies from criterion (1) listed above that the 
capacitance C should be very small, namely C « 3 x 10' 

The capacitance C can be designated as the sum 
of two different capacitances, as follows: 

C=Cs+C^ 



where Cg is known as the self -capacitance and is con- 
stituted by the capacitance between the island and infin- 
ity. Ce is the capacitance between the dot and the 
surrounding electrodes of the device. When the dot 

5 diameter becomes smaller than lOnm. the self-capaci- 
tance Cs mainly determines the total capacitance C as 
it Is much larger than the other capacitances C^. There- 
fore, In order to ensure room temperature operation, the 
dot size should be reduced below lOnm. However. 

10 devices with a dot sin of less than lOnm cannot be fab- 
ricated readily using conventional electron beam lithog- 
raphy as this is smaller than the state of the art 
techniques can readily achieve. 

tt is known that nanometre scale particles can be 

IS prepared chemically, with diameters of less than lOnm, 
such as collokJal particles and molecular clusters. For 
example gold colloidal particles in citrate gold sols have 
been prepared in a size range from 2nm to 100 nm. Ref- 
erence is directed to N. Uyeda. M. Nishino. and E. Suito. 

20 J. Colloidal and Interface Science, vol. 43, p. 181 
(1973). Also, ligand-stabtllsed AU55 clusters with a gold 
metal core size of 1.4 nm have been reported - see G. 
SchOn and U. Simon. Colloid Plym. Sci.. vol. 273. pp. 
101-127 and pp. 202-218 (1995). One of the significant 

25 features of these materials is their well defined partk:le 
size distn'bution. In the case of non-dispersed colloidal 
Au particles as reported by Uyeda et al supra, the size 
distribution has a 10 % standard deviation. In the case 
of molecular clusters, the 8ize> distribution is determined 

30 at an atomic-scale accuracy. The average diameters of 
tiiese nano-scale particles are determined by the 
parameters of the chemical reactions that form the par- 
ticles, such as the volume ratios of starting material 
solutions etc. Since the particle formation reactions pro- 

35 ceed spontaneously by adjusting tiie macroscopic reac- 
tion parameters, they are free of the size limitations that 
arise in conventional lithographic quantum dot fabrica- 
tion. 

A method of colloidal particle coating on metallic 

40 oxide surfaces has been known since the 1960's and 
reference is directed to R. K. Iller, Journal of Colloid and 
Interface Science, vol. 21. pp 569-594 (1966). Also. Au 
particle disposition on a metal oxide surface using a 
silane coupler was reported by A. Doron, E. Katz and I. 

45 Willmer. Langmur. vol. 11. pp 1313-1317 (1995). How- 
ever, a problem with this technique was that particle 
coagulation occurred. 

An object of the present Invention is to provide a 
metiiod of depositing nanometre scale particles on a 

50 substrate in a manner suitable for use in quantum effect 
electronic devices. 

In accordance witii tiie invention there is provided a 
metiiod of depositing nanometre scale particles on a 
substrate, comprising providing receptor sites of a first 

55 electrical polarity for the particles on tiie surface of tiie 
substrate, and providing the particles with a surface 
charge of a second opposite polarity such that they are 
attracted to the receptor sites on ttie substrate, and 
adhere thereto at locations that are spaced apart as a 
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result of the repulsion between acQacent particles on the 
substrate. 

Thus, In accordance with the invention, the spacing 
between the particles over the substrate can lie within a 
predetermined dimensional range As is explained s 
hereinafter, the inter-particfe distance can be adjusted 
so as to permit control of the inter-particle distances 
which changes the probability of electrons tunneling 
from particle to particle. 

Also, the invention permits the particles to be 10 
deposited at least substantially in a monolayer, which 
facilitettes incorporation of the particles into an elec- 
tronic device, e.g. with a lateral structure. In one exam- 
ple of the invention, to be described in more detail 
hereinafter, a solution of nano-scale particles, on which is 
organic surfactant molecules are adsorbed, is used as a 
source of quantum dot materials. The substrate is 
treated witii an organic surfactant to provide the recep- 
tor sites tor the particles on the substrata 

In an aqueous solution, the surfactants on the par- 20 
tide surface are Ionised, giving rise to an electrical 
charge on the surface of the nano-scale particle. By 
immersing the surfactant-treated substrate in the parti- 
cle solution, the surfactant on the substrate surface is 
also ionised, giving rise to a charge on the surface of the 25 
substrate. By choosing an appropriate kind of sur- 
factant, It Is possible to give the substrate a charge 
which is opposite in polarity to that of tiie charge on the 
particle surfoce. Therefore, the particles are attracted 
towards the substrate due to the electro-static force so 
between the two oppositely charged surfaces. After 
being coated witii a monolayer of the particles, the 
charge on the substrate is neutralised, stopping furtiier 
particle attraction. As a consequence, the substrate sur- 
face is coated witii a monolayer of particles as does not 3S 
have a tendency to form a multilayer configuration. 

An electi'ostatic force is also present between the 
nano-scale charged particles that are attracted to tiie 
surface. The fbrce between the particles is repulsive 
causing tiie particles to maintain a mutual separation. 40 
Since the monolayer d^sition process proceeds with- 
out disturbing tiie colloidal suspension significantiy. the 
particles reach the surface of the sut>strate individually, 
without suffering coagulation or flocculation. The inter- 
partide distance is determined by ttie balance between 45 
the repulsive force between tiie partides. and the attrac- 
tive force between tiie particles and the sut>strate. As a 
consequence, it is possible to adjust the average inter- 
partide distance by changing the amount of charge on 
the partides or the charge density on the substi'ate sur- so 
face. This adjustment of the charges can be done by 
changing the particle surface area (tiie particle diame- 
ter) assuming the surface charge densities on the parti- 
cles are fixed, or by changing the amount of ionisation in 
the surfactant molecules. ss 

The monolayer formation process proceeds spon- 
taneously at the substrate-solution interface, realising a 
deposition method which is free from the resolution lim- 
itations arising from conventional nano-fabrication litiio- 



graphic and e-beam techniques. 

In one example of the invention, the nanometre 
scale particles are formed of Au, held in a colloidal sus- 
pension, with surface adsorbed dtrate ions. The sub- 
strate may indude an insulating surface, and Is typically 
formed of silicon, with a SiOa surface layer, and is 
treated with a coupling agent tiiat comprises an organo- 
silane such as 3-(2-aminoettilyamino) propyltrimethox- 
ysilane, (ARTS). 

The method of the invention can be used to form a 
region including quantum dots for a quantum eledronic 
device. For example, the deposited nano-scale particles 
can be formed in a predetermined area by a mask pat- 
terning techniqua The exposed area nu^ define an 
elongate channel for single electron conduction 
between particles deposited therein. A source and drain 
region for the channel may be formed on tiie suljstiate. 
A gate region may also be provided for controlling con- 
duction along the channel between tiie source and drain 
regions. The gate region may be provided to one side of 
the channel or aiternativeiy, the gate region may overlie 
the channel, in which case an organic electrically insu- 
lating layer may be deposited over the particles in tiie 
channel, underneath the gate region . 

In another device, the deposited quantum dots may 
define an array of spaced cells for use in the memory 
anray Data may be written and read from ttie cells using 
a probe such as an atomic force microscope. Extremely 
small memory elonents can be provided in this mariner, 
which may have dimensions of the order of 20 x 20 nm. 

In order that the invention may be more fully under- 
stood, embodiments tiiereof will now be described by 
way of illustrative example with reference to the accom- 
panying drawings in which: 

Figure la is a schematic sectional view of a Si02 
substrate; 

Figure lb is a sectional view of the substrate after 
having been treated witii an organo-silane coupling 
agent; 

Figure 1c is a schematic sectional view of the parti- 
de deposition process; 

Figure 2 is a graph illustrating the distance between 
the deposited partides as a function of particle 
diameter; 

Figure 3 is a schematic enlarged plan view of the 
substrate illustrating the regular spacing of the 
deposited nano-scale partides; 
Figure 4a, b and c are corresponding sectional 
views that illustrate the process steps for applying 
the coupling agent to the substrate In a predeter- 
mined masked area; 

Figure 5 is an enlarged schematic plan view of a 
side gated transistor structure that includes a chan- 
nel witii deposited nano-scale partides for single 
electron transport; 

Figure 6;a is a schematic plan view of a sintilar 
device to that shown in Rgure 5. but with an overly- 
ing gate strudure; 
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Figure 6b is a sectional view through the device 
shown in Figure 6a. taken along the line a-a'; 
Figure 6c is an enlarged view of part of Rgure 6b, 
showing insulating ligand molecules that act as an 
insulating layer, attached to the deposited nano- 
scaJe particles in the channel; 
Figure 7a is a schematic plan view of a memory 
device incorporating elements of nano-scaie 
deposited particles produced by the metiiod 
according to the invention; 
Figure 7b shows the memory device in section, 
togetiier with an AFM probe tip for reading and writ- 
ing data; 

Figure 7c is an enlarged view of the configuration 
shown in Figure 7b; and 

Figures 8a tod illustrate tiie energy levels in the 
device of Rgure 7, during a reading and writing 
operation. 

In the example of tiie method according to the 
invention to be described, gold particles witii a nominal 
diameter of 10nm and a standard deviation in diameter 
of Inm 10 %) are deposited onto a 1 -micron thick 
Si02 film 1 thermally grown on an Si crystal substrate 2 
shown In Figure 1. 

The gokl nano-scale particles can be prepared as 
described in Uyeda et al supra by a predpitation 
method, by mixing a solution of HAUCI.4H2O and 
sodium citrata The diam^er of the nario-scale depos- 
ited partides is dependent upon tine oonc^iitration of 
the two solutions. The mixing of ttie solutions is per- 
formed at room temperature. The resulting precipitate 
comprises nano-scale Au particles with surface 
adsorbed citrate ions. Colloidal suspension of such par- 
ticles can be purchased commercially, with predeter- 
mined mean particle sizes and diameter range 
distributions, from Nanoprobes Inc. 25E Loop Road Ste. 
124, Stony Brook. NY 11790-3350 USA. The particles 
are supplied in an aqueous suspension. The adsoibed 
citrate ions give a negative charge to the Au particles. 

Considering now the sut>strate shown in Rgure la, 
it is initially cleaned using acetone and iso-propyl alco- 
hol togetiier with ultrasonic agitation, followed by oxy- 
gen plasma ashing. The substrate is then immersed in 
a dilute water solution of a coupling agent which, as will 
be described hereinafter, prepares tiie surface of the 
substrate so that the Au particles will attach themselves 
in a monolayer with uniform spacing, in this example, 
the coupling agent comprises an amino-functional 
sllane. The sut)strate was immersed in a dilute water 
solution of ARTS (0.05% [ v/v]) for five minutes. Then 
the samples were removed from the solution, dried with 
a nitrogen gun and baked for 30 minutes at 120^*0 in an 
oven. 

The commercially purchased Au citrate sol was dia- 
lysed and re-suspended in pure water prior to use. The 
ARTS treated-substrate 1 was then immersed in the cit- 
rate Au sol for ttiree houra After immersion, tiie sub- 
strate was removed from the sol. and dried with the 



nitrogen gun to elinninate tiie solution. 

The adsorption mechanism of tiie silane coupling 
agent to tiie SiOa surfece has been extensively studied 
and is described in K. C. Vrancken, R Van Der Voort. K. 

5 Grobert and E. R Vansant, in Chemically l^ocfified Sur- 
faces, edited by J. J. Pesek, i. E. Leigh (The Royal Soci- 
ety of Chemistry, Cambridge. 1994) pp. 46-57. It is well 
known that tiie Si02 surface 1 is terminated by tiydroxyl 
groups when exposed to the atmosphere, as is shown in 

10 Figure la The adsorbed hydroxyl group density Is typi- 
cally at the level of 5 molecules per nm^. The amino- 
functional silane molecules of the coupling agent, 
become connected to these hydroxyl-group sites, as 
shown in Rgure lb. The amino-functional silanes are 

IS hydrdysed in an aqueous solution and fonm hydrogen 
bonds with tiie surface 1, assisted by tiie water mole- 
cules. After tills physisorption. direct condensation 
(chemisorption) of tiie silane takes place, due to tiie cat- 
alytic effect of tiie amino groip, forming siloxane bonds 

20 witii the substrate silicon. As a consequence, tiie ARTS 
molecules are oriented with tiieir free amino groups 
away from tiie substrate as shown in Figure 1b. When 
tiie silane treated sample is immersed in the citrate Au 
sol. tiie amino groups are protonated. giving a positive 

25 surface charge to tiie substrate as shown in Figure 1c. 
The negatively charged Au particles 3 are attracted and 
deposited onto tiie positively charged subsb'ate surface. 
After being coated with a monolayer of Au particles, tiie 
charge on tiie SiQa surfece 1 becomes neutralised 

30 which Inhibits further layers of particles from arriving at 
becoming deposited on the surbce, as shown schemat- 
ically by arrow 4 is Figure la Thus, only a nnonolayer is 
formed. 

The negative surface charges of the Au particles 

35 cause adjacent particles to repel one another electro- 
statically and as a result, irregular inter-particle spacing 
is established in the monolayer. 

The inter-particte distances are determined by tiie 
charge neutrality condition between tiie positive charge 

40 induced by tiie protonation of the amino groups and ttie 
negative charge brought in by the citrate ions adsoibed 
on the Au particles. Referring to Figure 3, in order to 
estimate the particle spacing, it is assumed that each 
Au particle sits at tiie centre of a square area on ttie 

45 substrate surface. Each particle has a radius r, and d 
designates the distance between adjacent particles on 
the sii>strate. The surface charge density Og and Qp 
are assumed to be uniform over the areas of the sub- 
strate and ttie particles respectively. For the purposes of 

so tills analysis, the particle radius r is assumed to be con- 
stant. In ttiis situation, tiie charge neutrality condition 
can be written as: 

03(cf + 2r)^ = 4«r^ Op. (3) 

55 

r where the right-hand side expresses tiie charge on tiie 
square area on ttie substrate, are the left-hand side is 
ttie charge on tiie particle. Ftom tiiis equation, the inter- 
particle distance d can be expressed as: 
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d^2rln{Q^/Qy''^ (4) 

The eq. (4) shows that the inter-particle distance d 
linearly depends on the particle radius If the surface s 
charge densities are fixed. 

Further, the surface density of the silane coupler 
when adsorbed onto metal oxide surfaces is known to 
be of the order to 10"^ ®m"^, from Doron et al supra. 
Also, the surface density of the citrate ions on Au colioi- io 
dal particles has been reported to be 3 x 10'^^ m'^ as 
described in M. Mabuchi, T Takenaka, T Fujiyoshi and 
N.Uyeda. Surface Science, vol. 119, p. 150 (1982). 
Since these values are close to each other, the ratio 
Op/Os "^^y ^ approximated as: is 

Qp/Qs - I- (5) 
Inserting equations (5) into eq. (4), 

20 

d-2r (6) 

Equation (6) indicates tiiat the inter-particle dis- 
tance d Is of the order of tiie diameter of ttie Au colloidal 
partide. This relationship is consistent with the result of 25 
SEM obsen/ation as plotted in the graph of Figure 2. 
The dashed line in Figure 2 Indicates tiie relationship 
given by equation (6). 

The metiiod aqoording to the invention is also appli- 
cable to otiier colloidal particles including metals such 3o 
as Au, Ag, Pd, Ft, Ti, Cu. Cd. Hg, Al, Ni etc. metal 
oxides such as Si02, AI2O3. NIO. Ti02. etc and also to 
semiconductor particles such as Si. CdS, CdSe, etc. 

Also, by attaching appropriate organic surfactants 
onto ligand-stabilised AU55 clusters, a charge can be 35 
given to the clusters and ttie deposition metiiod is also 
applicable to such duster material. For formation of 
such material, reference is directed to SchOn et al 
supra. 

The silane coupling agent can be chosen from a 40 
variety of organo-si lanes witii different functional 
groups. For example, 3-aminopropyltrimethoxysilane 
and 3-[2-(2-aminoethylamino)eti^lamino]propyl-tri- 
methoxysilane can be used in almost the same way as 
the ARTS. Since tiie number of amino groups incorpo- 45 
rated in tiiose silane coupler molecules are different, 
they give slightiy different Inter-partlde distances 
reflecting the differences in tiie substrate surface 
charge induced by tiiose amino groups in tiie silane 
coupler molecules. Also, the charge polarity can be so 
changed by replacing the amino group with ottier 
groups such as a cartDoxyl group (-COOH) tiiat dissod- 
ates in a water solution leaving a negative charge in the 
form of -CCX)'. In this case, the charge polarity on the 
partides is changed accordingly 55 

Furthermore, tiie long chain n-alKanethiol 
(HS(CH2)nX, X a COOH, CH2NH3, etc) can also be 
used as the agent of partide substrate adhesion with an 
appropriate combination of substrate materials. These 



surfactant materials exhibit highly-ordered monolayer 
formation on an Au film deposited substrate surface. 
This is described in more detail in R. G. Nuzzo. L H. 
Dubois, and D. L Allara. J. Am. Chem. Soc., vol. 112, 
pp. 558-569 (1990). By choosing an appropriate func- 
tional group X as a tail group, it is possible to generate a 
surface charge in the similar way to the silane couplers. 

Changing the surfactant molecule has another 
effect on the properties of tunneling barners presented 
by tiie deposited particles (descrit)ed in more detail 
hereinafter). The use of an alkanettiid with part of the 
units of alkane chain (CH2) replaced by (CF2) units for 
example. HS(CH2)2(CF2)5CF3 increases ttie tunneling 
barrier height and the dielectric constant significantiy 
because of the inductive effect of the fluorine atoms. 
This effect is described in more detail in E. E. Polymero- 
poulos and J. Sagiv. J. Chem. Phys. vol. 69. no. 5. pp. 
1836-1847(1987). 

The resulting deposited monolayer of nanometre 
scale Au partides has particular application to quantum 
effect electronic devices. In order to deposit tt)e monol- 
ayer in a predefined area of a device, a masking tech- 
nique may be used, which will now be described witii 
reference to Figure 4. The masking technique utilises 
conventional electron beam litiiography. 

The use of water as tiie solvent for ARTS has the 
advantage that the described deposition method 
according to the Invention can be used with conven- 
tional dectron beam lithography. Most conventional 
resists are not soluble in water, so tiiat tiie APTS depo- 
sition can be patterned using an electron beam resist 

Referring to Rgure 4a. a conventional polymethyl- 
metiiacrylate (PMMA) mask pattem 4 Is deposited on 
tiie SiO^ surface 1 as shown in Figure 4a. Windows 5 
are opened in the layer 4 so as to expose areas of the 
Si02 layer 1 . This is carried out by conventional electron 
beam radiation and development. The APTS silane cou- 
pling agent is then applied to the exposed areas in tiie 
windows 5. Then tiie PMMA together with the APTS 
tiiat is not in contact with tiie SiOa. is removed by 
immersion of the sample in an acetone bath for three 
hours and subsequent washing in further acetone and 
IPA. togettier with ultrasonic agitation. This results in a 
patterned APTS layer 6 as shown in Rgure 4b. The 
sample is then immersed in the Au citrate sol in the 
manner previously described so tiiat an Au particle 
monolayer 7 is produced corresponding to the mask 
pattern. For exanrple. by this metiiod, 2nm Au particles 
can be deposited selectively onto small APTS defined 
window of lOnm widtii. with tiie same surface coverage 
density of Au partides as for an unpatterned surface 
(i.e. 1 X 10"^^ partide.cm'^. 

Rgure 5 is a plan view of a lateral multiple junction 
single-electron device structure fabricated according to 
tiie metiiod of the present invention. A Si02 Insulating 
substrate 1 is formed with a source 8, drain 9 and side 
gate 10 by conventional metallisation techniques. A 
channel 1 1, formed by the technique desaibed previ- 
ously witii reference to Rgure 4, consists of cm APTS 
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treated region formed with an overlying Au particle mon- 
olayer, that contains Au particles, such as particle 12. A 
typical spacing between adjacent particles is 5nm. The 
width of the channel may be lOnm. In use. a potential 
difference is applied between the source 8 and drain 9, 5 
and electron transport occurs by single electron tun- 
neling between adjacent particles 12 along the length of 
the channel 11. by means of the Coulomb blockade 
effect. The device can operate at room tenperature due 
to the small size of the Au particles and their relative 10 
spacing. The voltage applied to the side gate 10 can 
control the rate of electron transport between the 
source and drain. 

Figure 6 illustrates an alternative device configura- 
tion with a gate structure which overlies the channel 11. is 
Like parts are marked with the same reference nunv 
bers. The device is fabricated by forming source and 
drain regions in the substrate 1 using conventional elec- 
tron beam lithographic techniques and then a PMMA 
window with a width of lOnm is formed between the 20 
source and drain electrodes, so as to overiap them at its 
ends. Inside the window. 2nm Au particles are depos- 
ited using the silane coupling agent APTS and the 
PMMA pattern in then removed in the manner described 
generally with reference to Figure 4. 2S 

Thereafter, the Au particle nrK)nolayer is pre-treated 
with a tx>iling 2M solution of KOH for one hour, rinsed 
with water and immersed in concentrated sulphuric add 
in order to remove the adsorbed citrate ions on the Au 
particles. 30 

Then, an alkanethiol nrwnolayer was deposited as 
an organic insulating layer. The deposition process was 
earned out by immersing the sample in an ethanol solu- 
tion of 1 mM 1-octadecanethiol for 12 hours at room 
temperature. This fbnus an insulating layer 13 which 3S 
can be seen in Rgure 4b and also in the enlarged sec- 
tion of Rgure 4c. 

A top gate 14 was then formed to overlie the chan- 
nel 1 1 . between the source and drain 8. 9, by using con- 
ventional metallisation techniques and electron beam 40 
lithography. 

The top gate structure of Rgure 6 exhibits superior 
gate sensitivity as compared with the side gate device 
of Rgure 5, by two orders of magnitude. The gate sen- 
sitivity can be further increased by reducing the thick- 4S 
ness of the organic insulating layer 13. As can be seen 
from Figure 6c. thickness contrd can be achieved by 
choosing an alkanethiol with a shorter alkane chain 
length. For example by using a 1-decanethiol. the thick- 
ness is roughly halved because the number of cart)on so 
atoms in the chain is reduced from 17 (for 1-octade- 
canethioi) to 9 (1-decanethiol). 

Referring now to Rgure 7, an emkxxJiment of the 
invention is shown, with a vertical structure which can 
be used as a high density single-electron memory ss 
device. 

The device fabrication is carried out according to 
the following procedure: 

Rrstly. a substrate 20. typically a Si substrate, is 



coated with a 200 nm Au layer 21 by conventional vac- 
uum evaporation techniques. Subsequentiy. a layer 22 
of alkanethiol is deposited on the Au layer 21 from a 
ImM ethanol solution, according to the principles 
described with reference to Rgure 6. 

Then the alkanethiol treated substrate is exposed 
to a 60 kV electron beam. The alkanetiiiol layer 22 is 
removed from the areas which are exposed to electron 
beam irradiation, so as to leave an array of 20 nm x 20 
nm squares of alkanetiiid coated regions separated at 
30 nm intervals, as shown in Rgure 7a. The self-devel- 
opment process of alkanethiol is described in R. C. 
Tiberio. H. G. Craighead, M. Lercel. T Lao. C. W. Sheen 
and D. L Allara. Appl. Phys. Lett., vol. 62. pp 476 - 478 
(1993). 

Inside tiie alkanethiol coated regions, a monolayer 
of Au particles of diameter 2nm is deposited by immers- 
ing tiie substrate into the previously described Au solu- 
tion, in the manner previously described, and then the 
sample is cleaned. Thus, the matrix elements 23 are 
provided with a monolayer of Au particles such as 24. as 
shown in Rgure 7a. 

In order to investigate the characteristics of tiie 
device, it is loaded into an atomic force microscopy 
(AFM) device. The memory device stores one bit of 
infonnation in the form of an excess electron for each 
particle or Island 24. In order to produce the excess 
electronic charge, a metal coated AFM probe tip 25 is 
used for botii reading and writing operatiorts. As shown 
in Rgure Tbk when the AFM probe tip 25 Is brought into 
proximity with one of the elements 23, it forms a closed 
circuit consisting of a DC voltage source 26 that biases 
tiie prcbe tip, an AC modulation voltage 27, and a series 
connection of capacitances Ct and Cq. The capacitance 
Ct is constituted by the capacitance between the Au 
layer 21 and tiie element 23. separated by tiie insulating 
layer 22, whereas the capacitance Cq, corr9)rises tiie 
capacitance between the element 23 and the AFM 
probe tip 25. Since the radius of the probe tip 25 is typi- 
cally about 50 nm, ail the Au particles witiiin the element 
23 of dimensions 20 x 20 nm come under tiie tip surface 
and form parallel capacitive connections. 

Rgure 8 illustrates tiie writing operation for tiie 
devk;a In the writing operation, only the DC bias 26 is 
used. The starting condition is tiiat the Fermi level of tiie 
Au particles e.g. particle 24, is aligned to that of the Au 
layer 21 for zero biasing voltage i.e. U s 0. This is shown 
in Figure 8a. 

On application of a biasing voltage U. typically more 
ttian 5 volts, the Fermi level of tiie particle 24 is lifted up 
to a level at which tunneling of an electron can take 
place. The thickness of the alkanetiiiol barrier 22 is cho- 
sen to be tiiick enough to inhibit the electron tunneling 
until tiie particle Fermi level exceeds tiie barrier height 
and then field emission like tunneling from the particle 
to the Au layer 21 becomes possible, as shown In Rgure 
8b. 

Immediately after tiie electron tunnels through the 
barrier, the partide 24 toses a charging energy of e/C^ 
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where C}^ = C, + Cq. This energy relation is of the 
order of several milli-electronvolts in the case of a 2 rvn 
Au particle 24. As a consequence, a significant lowering 
of the Fermi level takes place in the particle 24 as 
shown In Rgure 8c. Therefore, an electron in the parti- 
cle 24 sees a thicker barrier immediately after the first 
electron tunneling and thus, subsequent electron tun- 
neling is inhibited. 

By turning off the biasing voltage (or by removing 
the AFM probe tip from the element 23) the particle 
Fermi level is brought back to a level close to the Fermi 
level of the Au layer 21 . However, because of the loss of 
the single election from the particle 24, tiie Fermi level 
of the particle is lower than that of the Au layer 21 by 
e/C^ . By the same reasoning, the Fermi level of the par- is 
tide 24 can be Inaeased by an amount corresponding 
to one electron gain if an opposite biasing polarity is 
used. 

The electron tunneling inhibition mechanism lllus- 
tirated in Rgure 8c is different from that of Coulomb 20 
blockade. In the present invention, it is the change of 
handler thickness that switches electron tunneling rather 
than tiie availability of an electronic state on the Au layer 
21 side of the tunneling barrier This ban'ier is set by the 
thickness of the alkanethiol layer 22. This tiiickness can 2s 
be controlled on an atomic scale and gives rise to 
Improved controllability in accordance with the inven- 
tion. 

Because of the atomic-scale uniformity of the tun- 
neling banier thickness and also the uniformity in tiie 30 
particle size distribution of the Au particles 24, tiie 
capadtance Ct is uniform for all of the particles 24 
deposited on tiie alkanethiol layer 22. Therefore, in tiie 
writing process of Rgure 8b. a single biasing voltage 
value U sets up a tunneling condition for all of the parti- 3S 
cles undemeatti tiie AFM probe tip. Thus, the charging 
of all tiie Au particles 24 in tiie an elemental area 23 
takes place simultaneously, with each particle 24 being 
charged by one electron only. 

The reading operation is perfomned by modulating 40 
the voltage applied to the AFM probe tip 25 by means of 
the source 27. The modulation voltage amplitude is cho- 
sen to be suff icientiy small so that tiie charge accumu- 
lation in tiie particles 24 is not lost. The modulation of 
the tip voltage results in the modulation of the force felt 4S 
by the AFM probe tip 25 itself, with tiie same frequency 
as that of the modulation frequency This frequency 
component of tiie modulated force is proportional to the 
amount of charge deposited on the particle 24 in the 
element 23, during ti^e writing process. This reading so 
method has sufficient sensitivity to detect single elec- 
tron charges. A more detailed description of the charge 
detection scheme using an AFM device is given in C. 
ShOner^ger and S. F Alvarado, Modem Rhys. Lett. B. 
vol. 5, no. 13, pp 871-876 (1991). Since tiie average ss 
number of Au particles 24 in a 20 x 20 nm element 23 is 
about eight, the detection method gives a sufficient sig- 
nal to noise ratio. 

The descrfoed example of memory device has an 



exceedingly large information storage density because 
of tiie small size of tiie particles 24 and tiie small size of 
tiie elements 23. The density of integration however, is 
limited by the lateral resolution of the reading process 
5 and in particular, tiie dimensions of the AFM probe tip, 
namely 50 nm. Therefore, the 20 x 20 nm square 23 is 
arranged with a centre to centre interval of 50 nm, which 
in tum gives an Information storage density of one bit 
per 50 X 50 nm area or 4 x 10^^ bits per cm^. 

10 

Claims 

1. A metiiod of depositing nanometre scale particles 
(3) on a substi-ate (1.2). comprising providing 
receptor sites of a first electrical polarity for tiie par- 
ticles on a surfece of tiie substrate, and providing 
the particles witii a surface charge of a second 
opposite polarity such that tiiey are attracted to tiie 
receptor sites on the substrate, and adhere thereto 
at locations ttiat are spaced apart as a result of 
repulsfori t}etween adjacent particles on the sub- 
strate. 

2. A metiiod according to claim 1 wherein the particles 
(3) are deposited at least substantially in a monol- 
ayer. 

3. A metiiod according to daim 1 or 2 wherein the 
spacings (d) between adjacent deposited particles 
over tiie sur^ce, lie within a predetermined dimen- 
sional range. 

4. A method according to any preceding daim 
wherein the particles are provided witti surface 
adsoit>ed ions of sakl second polarity. 

5. A metiiod according to daim 4 wherein saki 
adsorbed ions are citrate ions. 

6. A method according to any preceding daim 
wherein the particles are formed of a metal or an 
oxide ttiereoff. 

7. A metiiod according to claim 6 wherein the particles 
are fomied of Au. Ag, Pd. R, Ti. Cu, Cd, Hg, Al or 
Ni, or Si02. AI2O3, NIO2 or TiOa- 

8. A method according to any preceding daim 
wherein the partides are formed of a semiconduc- 
tor. 

9. A metiiod according to claim 8 wherein tiie particles 
are formed of Si, CdS or CdSe. 

10. A method according to any preceding daim 
wherein the particles have a mean diameter of 10 
nm or less. 

11. A method according to daim 10 wherein the parti- 
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des have a diameter of 2nm 10%. 

12. A method according to any preceding dalm includ- 
ing treating the surface of the substrate with a cou- 
pling agent to provide the receptor sites for the s 
particles. 

13. A method according to daim 12 wherein the sub- 
strate has an insulating surface (1) and the coupling 
agent provides the receptor^ites on the surface. io 

14. A method according to claim 12 or 13 wherein the 
substrate is of silicon, with a Si02 layer, that is 
treated with an organo-silane. 

75 

15. A method according to daim 14 wherein the 
organo-silane is an amino-functional silane. 

16. A method according to daim 15 wherein the 
organo-silane comprises 20 



17. A method according to any one of claims 12 to 16 
wherein the substrate is subjected to an aqueous 

^ siKspehsibn ofsaidf^ 30 

18. A method according to claim 17 including washing 
the substrate after treatment thereof with the cou- 
pling agent £md before immersion thereof in the 
aqueous suspension of partides. 3s 

1 9. A method according to claim 1 8 including drying the 
washed substrate before immersion in the aqueous 
suspension of partides. 

40 

20. A method according to any one of claims 12 to 19 
including providing a mask pattern (4) on the sub- 
strate, which exposes a predetermined area (5) of 
the surface, treating the exposed area with the cou- 
pling agent, and then removing the mask pattern. 4S 

21. A method according to claim 20 wherein the mask 
pattern is formed of PMMA and the exposed area is 
formed by electron beam exposure and develop- 
ment so 



a gate region (10,14) for controlling oonductron 
along the channel between the source and drain 
regions. 

24. A method according to claim 23 including providing 
the gate region (1 1) to one skle of the channel on 
the substrate. 

25. A method according to daim 23 including forming 
the gate region (14) to overlie the channel. 

26. A method according to claim 25 including deposit- 
ing an organic electrically insulating layer (13) over 
the particles in the channel, and then forming an 
electrically conductive layer (14) over the organic 
Insulating layer whereby to provide the gate region. 

27. A method according to any one of daims 22 to 26 
wherein the channel region (1 1) has a width of the 
order of lOnm. 

28. A method according to any one of claims 1 to 19 
induding forming a plurality of spaced elemental 
areas (23) of said deposited partides for use as 
menrK>ry elements. 

29. A method according to any one of claims 1 to 19 
induding forming a conductive region (21) on the 
substrate (20). forming an insulating layer (22) over 
the conductive layer, and depositing said particles 
(24) on the insulating layer. 

30. A method according to daim 29 induding pattern- 
ing the insulating layer (22) such that tiie particles 
become deposited on an array of elemental areas 
(23) for use in a memory array 

31. A method according to daim 30 Induding reading 
and writing charge to and from the elemental areas 
(23) witii an external probe (25). 

32. A method according to daim 28, 30 or 31 wherein 
tiie elemental areas each have dimensions of 20 x 
20 nm 

33. A device induding a layer of nanometre scale parti- 
des produced by a method according to any pre- 
ceding daim. 



3-(2- aminoethylamino)propyttrimethoxysilane 
or 

3-aminopropyltrimethQxysilane or 

3-[2-(2- aminoethytamino)ethylamino]propyttri- 25 

metiiQxysilane. 



22. A metiiod according to claim 20 or 21 wherein the 
exposed area defines an elongate channel (1 1) for 
single electron conduction between the partides 
deposited therein, and induding providing source ss 
(8) and drain (9) regions at opposite ends of tiie 
channel. 

23. A method according to claim 22 including provkling 
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